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ABSTRACT The three-dimensional structures of (1—3)-
B-glucanase (EC 3.2.1.39) isoenzyme GII and (1—3,1—4)-8-
glucanase (EC 3.2.1.73) isoenzyme EII from barley have been
determined by x-ray crystallography at 2.2- to 2.3-A resolu-
tion. The two classes of polysaccharide endohydrolase differ in
their substrate specificity and function. Thus, the (1—3)-8-
glucanases, which are classified amongst the plant ‘‘pathogen-
esis-related proteins,’’ can hydrolyze (1—3)- and (1—3,1—6)-
B-glucans of fungal cell walls and may therefore contribute to
plant defense strategies, while the (1—3,1—4)-B-glucanases
function in plant cell wall hydrolysis during mobilization of the
endosperm in germinating grain or during the growth of
vegetative tissues. Both enzymes are a/B-barrel structures.
The catalytic amino acid residues are located within deep
grooves which extend across the enzymes and which probably
bind the substrates. Because the polypeptide backbones of the
two enzymes are structurally very similar, the differences in
their substrate specificities, and hence their widely divergent
functions, have been acquired primarily by amino acid sub-
stitutions within the groove.

Two classes of B-glucan endohydrolases abundant in germi-
nated barley grain are the (1—3)-B-glucan glucanohydrolases
(EC 3.2.1.39) and the (1—3,1—4)-B-glucan 4-glucanohydro-
lases (EC 3.2.1.73) (1, 2). The (1—3)-B-glucanases hydrolyze
internal (1—>3)-8-glucosidic linkages in B-glucans as follows:

4 i i 4
...G3G3G3G3G3G3G3G3G3G3G3G3...red,

where G represents a glucosyl residue, 3 indicates a (1—3)-
Blinkage, and “‘red’’ shows the reducing end of the poly-
saccharide chain. In contrast, the (1—3,1—4)-B-glucanases
hydrolyze internal (1-—4)-g-glucosyl linkages only in
(1-3,1—4)-B-glucans in which the glucosyl residue involved
in the glycosidic linkage cleaved is substituted at the C(0)3
position, as follows:

i ! i
...G4G3G4G4G3G4G4G4G3G4G4G3.. . red,

where 4 represents a (1—4)-g-linkage. The (1—3,1—4)-8-
glucanases have no action on (1—3)-B-glucans such as cal-
lose, nor do the (1—3)-8-glucanases hydrolyze plant cell wall
(1—3,1—4)-B-glucans in which contiguous (1—3)-B-glucosyl
residues are absent (1, 2).

(1—3)-B-Glucanases are important representatives of the
‘‘pathogenesis-related”” (PR) group of proteins expressed
when plants are subjected to microbial attack and are widely
distributed in higher plants (3). The enzymes have been
implicated in the protection of plants against potential patho-
gens through their ability to hydrolyze the (1—3)- and
(1-3,1-6)-p-glucans commonly found in fungal cell walls,
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although the fungal polysaccharide must contain tracts of
contiguous, unsubstituted (1—3)-B-glucosyl residues before
hydrolysis will occur (4). The (1—3,1—4)-B-glucanases have
a quite distinct function. They are essential for the depoly-
merization of plant cell wall B-glucans in germinating grain
and in young vegetative tissues (5).

Evidence is accumulating that, despite their distinct sub-
strate specificities, the (1—-3)- and (1—3,1->4)-B-glucanases
are encoded by genes which originated by duplication of a
common ancestral gene (2, 5). The encoded enzymes exhibit
approximately 50% positional identity in amino acid se-
quence and are similar in length (2, 6), and their catalytic
amino acids occupy highly conserved positions in the primary
structure of the enzymes (7). We recently crystallized the
(1-3,1—>4)-B-glucanase isoenzyme EII and (1-3)-8-
glucanase isoenzyme GII from barley (8) and have now
solved their three-dimensional structures to 2.2- and 2.3-A
resolution, respectively.$ The similarity of the two structures
suggests that the distinct substrate specificities can be ac-
quired by the alteration of amino acid side chains in the
substrate-binding groove, with little or no main-chain adjust-
ment.

MATERIALS AND METHODS

Data Collection. The space group and cell dimensions for
the crystallized (1—3,1—4)-B-glucanase isoenzyme EII are
P432;2,a = b = 87.4 A, ¢ = 109.5 A and for the (1-3)-8
ﬂucanase isoenzyme GIl are P3;21,a = b= 86.9 A, c = 156.0

, as previously described (8). For each native enzyme and
for one derivative (HgOAc) diffraction data to 1.8 A were
collected at the Photon Factory (Tsukuba, Japan), using the
Weissenberg method (9). For the (1—3,1—4)-B-glucanase,
more native data and the remaining derivative data sets were
collected with a Siemens multiwire detector or with a Mar
Research image plate detector. Statistics for the integrated
(10-12) and merged (13) data are summarized in Table 1.

(1-3,1-4)-B-Glucanase Structure Solution and Refine-
ment. The structure of the (1—3,1—4)-B-glucanase was de-
termined by J.N.V., using the multiple isomorphous replace-
ment (MIR) method. The locations of the heavy atom sites
were determined by difference Patterson and difference
Fourier methods. The heavy atom parameter refinement and
MIR phasing resulted in an overall figure of merit of 0.56 to
3-A resolution using 7976 reflections. The enantiomorph was
determined by including the anomalous scattering data of the
HgOACc derivative.

A 3-A electron density map was calculated by using the
MIR phases, including anomalous data from the HgOAc
derivative. The image was then filtered by using the method

Abbreviation: MIR, multiple isomorphous replacement.

e atomic coordinates have been deposited in the Protein Data
Bank, Chemistry Department, Brookhaven National Laboratory,
Upton, NY 11973 [references 1IGHS and 1GHR for the (1—3)-8-
glucanase and (1—3,1—4)-B-glucanase, respectively].
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Table 1. Collection statistics of data for native and heavy metal derivatives of barley g-glucanases

Number of Number of Resolution,
Crystal observations reflections (R(sym)) R(merge)
(1-3)-B-Glucanase
Native 114,164 32,509 6.0 9.8 1.8
(1-3,1->4)-B-Glucanase
Native 86,286 16,399 5.5 10.1 1.8
HgOAc 43,660 12,787 7.1 8.8 1.8
K;PtClya 13,820 5,598 7.8 11.1 2.8
K,PtCLb 10,112 6,243 5.0 5.0 2.4
Pt(NH3)2(NO>), 14,876 6,566 6.2 8.2 24

All derivatives were prepared by soaking crystals in heavy atom solutions with standard buffer (100 mM Tris"HCl, pH
7.5): 2 mM HgOAc, 24-h soak; the two PtCl, derivatives were 10 mM, 48-h soak and 10 mM, 36-h soak; 10 mM (saturated)
Pt(NH;3)2(NO2); was a 60-day soak. R(merge) = X(I; — (2I))/I; summed over all independent reflections and R(sym)
measures the agreement of multiple measurements of intensity within each frame of data.

of Wang (14), and the resulting electron density map was of
sufficient quality to trace the polypeptide chain of almost all
of the protein, determine the direction of the a-helices, and
identify the fold as an eight-stranded o/B-barrel.

An atomic model of the protein was built from the C
coordinates with the computer graphics package O (15). For
some of the loops and for the COOH terminus ambiguous or
weak density was resolved by comparison with the (1-3)-
B-glucanase isoenzyme GII structure. The atomic model was
refined by using the XPLOR package (16) and the atomic
restraint parameters of Engh and Huber (17). Initially, energy
minimization was used, and at 2.8-A resolution the model
was subjected to a full simulated annealing refinement pro-
cedure (18) and the resulting model was reappraised by
computer graphics. The resolution was extended to 2.2 A,
and individual temperature factors were included in the
refinement. Electron density consistent with a carbohydrate
moiety at N190 (19) was observed but not modeled. Cis
peptides were observed preceding P137 and A276. A total of
45 water molecules were added where difference Fourier
peaks above 5 o were found to have an environment consis-
tent with water hydrogen bonding. The final crystallographic
R-factor was 0.176 [for data 6-2.2 A and I = 24(])], and the
rms deviations from ideal bond lengths and angles were 0.012
A and 1.62°, respectively.

(1—-3)-B-Glucanase Structure Solution and Refinement. The
structure of (1—3)-pB-glucanase was determined by T.P.J.G.,
using the molecular replacement method (20) and the MERLOT
package (21). A self-rotation function was calculated and was
found to be consistent with a pseudo point group of P6/mmm
and two molecules per asymmetric unit. At this stage a
high-quality electron density map for the (1—3,1-4)-8-
glucanase had been obtained although no atomic model had
been built. Therefore, the electron density of the (1—-3,1—4)-
B-glucanase was used as the search model. Cross-rotation
functions were calculated for data in various resolution
ranges. Two pairs of potential solutions, each consistent with
the self-rotation function, were found and refined, using a
fine grid search. Translation functions for the crystallo-
graphic threefold relation were calculated for each pair of
potential solutions, using the same data ranges as before. In
functions using data 8-3.5 A, the highest peaks in each case
occurred on the w = 1/3 section (7.3 and 7.6 standard
deviations, respectively), indicating a space group of P3,21.
The remaining positional parameters were determined from
additional translation functions and the orientation parame-
ters for both molecules were refined by a stepwise local
search for the minimum R factor.

A model electron density for the asymmetric unit of the
(1—3)-B-glucanase was constructed from the MIR density for
the (1—3,1->4)-B-glucanase. The resulting ‘‘calculated”’
data, which were completely independent of an atomic
model, formed the starting point for the phase improvement

by density averaging (22) using Sim-weighted F, maps. The
initial figure of merit was 0.54 and R = 0.470 for data 10-3 A.
After 20 cycles of averaging the figure of merit was 0.77, R
= 0.188, and the rms shift from the original phases was 78°.
The resulting averaged electron density map appeared not to
be biased to the starting density, as illustrated by clear
density for amino acids in the regions of insertions and
deletions and for sequence differences such as Phe to Ile. At
this stage main-chain atoms for two-thirds of the amino acids
of the (1—3,1—-4)-B-glucanase had been placed in density,
and this model was transformed into the (1—3)-g-glucanase
map. From this point the electron density maps for both
enzymes were traced concurrently. One molecular model
was constructed for the (1—3)-g-glucanase, using density
from both molecules superimposed.

Initially, two molecules were refined as rigid bodies, using
data7-3.2 A. Strict noncrystallographic symmetry was imposed
and the structure was refined by energy minimization to 2.6-A
resolution. A simulated annealing protocol was now used and
from 2.5-A resolution noncrystallographic symmetry con-
straints were removed, the first water molecules were added,
and isotropic thermal parameters were refined. In both mole-
cules cis peptides were found preceding P82, P138, and A275.
Upon completion of the refinement, R = 0.179 [for data 6-2.3
AandI=20(l)], the rms deviations from ideal bond lengths and
angle were 0.013 A and 1.68°, respectively, and the rms devi-
ation in C positions for the two molecules was 0.30 A.

RESULTS AND DISCUSSION

Description of the Structures. The (1—3)-8-glucanase and
(1—3,1—4)-B-glucanase structures have essentially identical
a/ B-barrel folds (23). Minor perturbations are found in the
loops, mainly at positions where there are sequence inser-
tions and deletions (Figs. 1 and 2). A deep groove runs
north—south along the full length of the upper surface of the
molecule, perpendicular to the barrel axis, and is suggestive
of a site to which the polysaccharide substrate might be
bound.

The NH; terminus lies under the molecule, with the
polypeptide entering the east side of the barrel as g, (for
notation see Fig. 1). The chain emerges on the upper surface,
turns back towards the bottom surface as a;, and, after
traversing the outside of the molecule, meets 8,. This motif
is repeated for strands B,-B, building the upper half of a
conventional a/B-barrel. For the third a/g8 loop there are two
helices (Fig. 2 Upper). The lower half of the barrel has more
elaborate secondary structural elements that have not been
observed previously in a/B-barrel structures. There is a
‘‘subdomain’’ which is built around helix as and which runs
perpendicular to the groove axis at the southern end of the
groove. It is supported by three two-stranded antiparallel
B-sheet ‘‘fingers’’ (Bs on the upper surface, B; on the lower
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Fic. 1. Sequence comparison of the (1—3)-B-glucanase isoenzyme GII (upper line) and the (1—3,1—4)-B-glucanase isoenzyme EII (lower
line) based on the three-dimensional structure. Residues common to both enzymes are in bold, and numbers are given for the first residue of
each line. The secondary structural elements of both enzymes are given above the (1—3)-B-glucanase sequence and below the (1—3,1—4)-8-
glucanase sequence. The B-barrel strands are referred to as B; and the major (longest) helices connecting the B strands as a;, where i is in the
range 1-8. Minor B-sheet and a-helices are referred to as B; and A;, respectively, if they appear after the strand 8; and before B;+ and a further

subscript a or b is added if more than one minor structure occurs.

surface, and Bg at the southern end of the groove) and three
small helices (As at the western side and Ag, and Agp, at the
eastern side of the groove). This subdomain, which forms a
platform for the residues making up the lower half of the
groove, differs in detail between the (1—3,1—4)-B-glucanase
and the (1—3)-B-glucanase (Fig. 2 Upper and Lower Right);
for example, the helix As is missing in the (1—3)-B-glucanase.

The COOH-terminal segment, consisting of some 30 resi-
dues, starts after the strand B3 and has an unusual turn
involving a cis peptide bond between residues F274 (F275) and
A275 (A276).Y A cis-proline could not accommodate this type
of turn, which governs the positioning of F274 (F275) in the
catalytic site and the conformation of the loop of residues from
275 to 286 (276 to 286). The COOH-terminal segment then
finds its way down to the underside of the molecule between
the helices a; and a7, and finishes within 4.2 A of the NH,
terminus.

The a/p-barrel fold of these barley B-glucanases does not
appear to fit in the classification devised by Farber and
Petsko (24). Although there are some similarities with the
a-amylase family in that B, is near the major axis of the barrel,
no divalent metal ion is observed in the structures and,
indeed, none appears to be required for activity (1). Cello-
biohydrolase II, a fungal B-glucan exohydrolase, has a fold
similar to but different in detail from the barley enzymes (25),
but microbial (1—>4)-B8-glucan endohydrolases (cellulases)
have completely different structures (26, 27).

Substrate-Binding and Catalytic Sites. The most obvious
structural feature of the barley (1—3)- and (1—3,1—4)-8-
glucanases is a deep cleft approximately 40 A long (Fig. 3),
running parallel to the major axis of each molecule and over
the COOH-terminal face of the B-barrel. At the northern end
(Fig. 2 Upper) is a broad opening where the cleft runs over
the short B;-a» loop. At the other end there is a longer,
narrower exit between the COOH-terminal loops of strands
Bs and Bs. Here the transverse helix ag and a short B-ribbon
form an extension to the canonical a/B-barrel. The length of
the cleft is sufficient to accommodate 7 or 8 residues of
extended (1—4)- or (1—3)-B-glucan chains, respectively.
Mapping of the substrate-binding region of the (1—3)-8-
glucanase also indicates that subsites for eight glucosyl
residues are present (M. Hrmova and G.B.F., unpublished
results).

¥Throughout this discussion, residue numbers are for the (1-3)-8-
glucanase, with corresponding numbers for the (1—3,1—4)-g-
glucanase in parentheses.

The two catalytic glutamic residues E231 (E232) and E288
(E288) (7) lie about one-third of the way down the cleft and
a little to the right of the barrel axis (Fig. 2 Lower Right).
These two residues adopt very similar conformations in the
two enzymes, and the distance between O atoms is 8.2 A in
each case. If it is assumed that the glycosidic oxygen is
positioned between these two residues, the distance is con-

- sistent with the proposed mechanism of hydrolysis, in which

protonation of the glycosidic oxygen by the catalytic acid
residue is followed by stabilization of the intermediate oxy-
carbonium ion by the catalytic nucleophile (28).

The catalytic nucleophile, E231 (E232), sits at the bottom
of the cleft and the O% atoms are held in position by hydrogen
bonds to the O"atoms of Y33 (Y33) and Y168 (Y170). Residue
E231 (E232) is mostly buried, and only the end of the
carboxylate group contributes to the surface of the cleft (Fig.
2 Lower Right). The catalytic acid, E288 (E288), sits near the
lip of the cleft within the loop of residues 279-288 (280-288).
Although the loops have different conformations (Fig. 2
Lower Right), each E288 residue occupies a very similar
position. No hydrogen bonding occurs between the carbox-
ylate of E288 (E288) and any other atom of the protein,
consistent with the role of E288 as a proton donor (7).
Interaction of E288 with solvent has not been ruled out, but
details will not be available until further crystallographic
refinement has been performed.

Surrounding E231 (E232) and extending to E288 along the
surface of the substrate-binding cleft is a cluster of amino acid
residues which are highly conserved in the sequences of these
and other plant (1—3)- and (1—3,1—>4)-B-glucanases (6). At
the floor of the cleft on the western side are N93 (N92), E94
(E93), and N166 (N168), which form a hydrogen-bonded
network and which would sterically restrict the movement of
E231 (E232). Furthermore, the N93 (N92) and E94 (E93)
residues probably form hydrogen bonds with the substrate
during binding. On the eastern wall of the cleft between the
catalytic glutamates, there is a predominantly hydrophobic
surface formed by Y168 (Y170), F171 (L173), F291 (W291),
and F274 (F275) and extending to Y33 (Y33) (Fig. 2 Lower
Right). This surface is in an appropriate position for a
hydrophobic contact with the faces of glucosyl residues.
Minor differences in amino acid residues at F171 (L173) and
F291 (W291) may also influence substrate specificity.

Adjacent to the E288 residues (Fig. 2 Lower Right) are the
strictly conserved residues K282 (K283) and E279 (E280).
These residues appear to be important in influencing the
protonation state of the catalytic acid E288. The catalytic
acid, which acts as a proton donor during hydrolysis, should
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F1G6.2. (Upper) Schematic stereoview of the (1—>3,1—4)-8-glucanase isoenzyme EII, showing secondary structure. a-Helices are drawn as
red curled tape, B-strands as green arrows, and the remainder as yellow rope. Some small B-strands are not shown. The catalytic glutamic
residues E232 and E288 are shown in blue. (Lower Left) Superposition of the polypeptide backbone of the (1—3)-g-glucanase isoenzyme GII
(green) and (1—3,1-4)-B-glucanase isoenzyme EII (gold) in the same orientation as Upper. The rms deviation in C* positions between the
(1-3,1-4)-B-glucanase and each molecule of (1—3)-B-glucanase is 0.65 A for 278 residues. (Lower Right) Catalytic grooves of the
(1-3)-p-glucanase (left) and the (1->3,1—4)-B-glucanase (right) in the same orientation as Upper. The catalytic carboxylates are shown in red
and the amino acids which could affect substrate specificity are in orange (see text for details). Side chains of other amino acids which line the
grooves are colored by atom type: C, white; N, pale blue; O, pink; and S, pale yellow.

have a pK, significantly higher than other glutamic residues,
because it must be capable of proton exchange in the pH
range 4.5-6.0, where maximal activity occurs (7). The close
proximity of E279 (E280) to E288 (E288) may give rise to
elevated pK, values for these residues. It has been suggested
that R145 in phage T4 lysozyme and a helix dipole in hen egg
white lysozyme are needed to stabilize a negative charge on
the proton donor during catalysis (29). If so, K282 (K283)
could play this role in the barley B-glucanases.
Determinants of Substrate Specificity. Towards both ends of
the cleft, beyond the conserved patch that surrounds the
catalytic amino acid residues, there are amino acid differ-
ences which probably account for the differences in substrate
specificity of the two barley B-glucanases. At the northern
end of the cleft in the (1—3)-B-glucanase there is residue F34,

which is replaced by the much smaller A34 in the (1-3,1—4)-
B-glucanase (Fig. 2 Lower Right); in.other (1-3)-8-
glucanases this residue usually contains a large side chain (6).
At the other end of the cleft the (1—3,1—4)-B8-glucanase has
a glutamine at position 129 and a phenylalanine at 135, and
these residues lie across the floor to effectively block the
bottom of the cleft (Fig. 2 Lower Right). The amide of Q129
forms hydrogen bonds with the main chain on the opposite
side of the cleft and the small T210 from ag leaves a small gap
between Q129 and F135. In the (1—3)-B-glucanase, the
equivalent residues, F130 and S136, sit out of the way of
substrate binding, but M209 from a of the (1—3)-g-glucanase
is larger than T210 of the (1—-3,1—4)-B-glucanase and pro-
vides an obstruction further along the cleft (Fig. 2 Lower
Right). When a (1—3)-B-glucan is positioned in the catalytic
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FiG. 3. Molecular surface drawing of (1-»3)-8-glucanase isoen-
zyme GII, colored according to electrostatic potential (blue, positive;
red, negative). The enzyme is viewed from the northern end of the
molecule as shown in Fig. 2 and shows the deep substrate-binding
groove. The position of E231 is indicated by a pink region in shadow
at the bottom of the groove (center left).

site of the (1—3)-B-glucanase, it is possible to place a glucosyl
residue edgewise in the cleft in the space vacated by Q129 of
the (1—3,1->4)-B-glucanase. Thus, the (1—3)-B-glucanase
cleft could accommodate its substrate in this manner, but
Q129 would prevent the (1-+3)-8-glucan from binding in the
cleft of the (1-3,1—4)-B-glucanase.

Evolution of B-Glucanase Structure and Function. Recent
crystallographic evidence shows that a (1—3,1—>4)-8-
glucanase from Bacillus spp. exhibits a *‘jelly-roll’’ B-barrel
structure (30), which is quite different from the a/B-barrel
structure of the barley (1—3,1—4)-B-glucanase described
here (Fig. 2 Upper). Clearly, the identical substrate speci-
ficities of the bacterial and plant (1—3,1—4)-B-glucanases
must have arisen by convergent evolution. In contrast, the
(1—3,1—4)- and (1—3)-B-glucanases in higher plants appear
to have originated by divergent evolution from a common
ancestral enzyme. This was initially suggested by similarities
in gene structure and amino acid sequence between the two
classes of plant B-glucan endohydrolases (2, 6), and by the
conservation of catalytic amino acid residues (7). Evidence in
favor of a common ancestry has now been strengthened by
the similar three-dimensional structures of the barley (1—3)-
B-glucanase and (1—3,1—4)-B-glucanase (Fig. 2 Lower Left).
The evolution of substrate specificity appears to have been
possible simply through limited amino acid substitutions
rather than through large-scale changes in the main-chain
conformation. Nevertheless, the amino acid substitutions
have permitted a dramatic shift in function, so that different
classes of enzymes derived from a single multigene family
can specifically hydrolyze related but quite distinct polysac-
charides found in cell walls of fungi or higher plants.

Proc. Natl. Acad. Sci. USA 91 (1994) 2789
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